INTRODUCTION
Sufficient uptake of lycopene from the diet is necessary to benefit from its health promoting effects, since humans are unable to synthesise lycopene de novo. Low lycopene bioaccessibility/bioavailability is an identified worldwide issue; therefore there is a focused interest in ways of increasing the uptake of lycopene from the human diet. One of the ways to do this is through a diet rich in tomato juice. It is a real challenge to develop processing conditions during tomato juice production that can result in maximum overall lycopene bioaccessibility.
Different non-thermal processing technologies have emerged in the last few decades to fulfil the consumer desire for highly nutritious "fresh-like" tomato juice products that could potentially replace traditional thermal processing. Among them, pulsed electric fields (PEF) and Hence, the aims of this study were two fold. Firstly, to investigate the feasibility of MIPEF as a pre-treatment for the whole tomato fruit in order to enhance the lycopene in vitro bioaccessibility. Secondly, to further enhance lycopene bioaccessibility of tomato juice products by evaluating the best combination of conventional and novel processing technologies.
MATERIALS AND METHODS

Materials
Tomato fruits of Pitenza (origin-Spain) variety at fully ripe stage were purchased in several batches from wholesalers in Northern Ireland (UK) between December 2014 and October 2015.
In total, 60 kg of tomatoes were purchased in six batches and graded before processing (mean weight, 85±5 g and mean circumference, 15±1 cm); odd shaped and sized tomatoes were excluded. The all-trans and 5-cis lycopene standards were purchased from CaroteNature (Lupsingen, Switzerland) and all other chemicals were purchased from Sigma-Aldrich (Dorset, UK). All chemicals were of analytical grade. Packaging materials (polyethylene/polyamide film, 200 µm thickness) were obtained from Scobie & Junor (Mallusk, UK).
Pre-treatment: optimisation of MIPEF in the whole tomato fruit
Moderate intensity pulsed electric field (MIPEF) treatments were conducted in batch mode using a laboratory-scale PEF unit (ELCRACK HVP 5, DIL, German Institute of Food Technologies, Quackenbruck, Germany) located within the School of Agriculture and Food Science, University
College Dublin. A stainless steel parallel treatment chamber with 8 cm gap was used, and tomato fruit was placed in the treatment chamber and filled with tap water. Whole ripe tomatoes were subjected to 0, 1, 20 or 80 mono-polar pulses (pulse width-4 µs, frequency-0.1 Hz, electrical field strength (EFS)-1 kV/cm), which is equivalent to 0, 4, 80 and 320 µs treatment duration, respectively. MIPEF-treated and untreated fruits were collected and to investigate the potential to induce stress reactions in plant systems in production of secondary metabolites, fruits were immediately refrigerated at 4 °C and held for 48 h. Each treatment consisted of three replicates with six fruits per replicate, and the whole experiment was conducted on two separate days as independent batches. Samples were withdrawn after 0, 24 and 48 h holding period (dark storage) and subjected to analysis. Samples used to measure lycopene in vitro bioaccessibility were stored at -80 °C, while the rest of the samples were refrigerated (4 °C) for microstructure analysis.
Processing of tomato juice
Preparation of tomato juice for processing
Tomatoes were subjected to MIPEF treatment (1 pulse, 4 µs pulse width, 1 kV/cm EFS, 0.1 Hz) and refrigerated immediately after the treatment at 4°C for 24 h. Untreated tomatoes as a control treatment were also refrigerated at 4 °C. After 24 h holding at 4 °C, untreated and MIPEFtreated tomatoes were separately blended (120 s at 10000 rpm) using a domestic blender and filtered through 2 mm steel sieve and subjected to processing as described below.
Thermal and non-thermal processing of tomato juice
In order to investigate the contribution of each processing step to increasing the lycopene in vitro bioaccessibility, starting from fresh tomato to processed juice, the experiment was conducted with six treatments (fresh, MIPEF, MIPEF+blanching (B), MIPEF+B+US, MIPEF+B+HIPEF and MIPEF+B+US+HIPEF) and each treatment consisted of three replicates. The overall experimental design, representing both pre-treatment and processing experiments, is depicted in Figure 1 . Blanching (90 °C/2 min) step was conducted using a water bath (Grant OLS 200, Wiltshire, UK) after filling the juice (50 ml) into heat sealed pouches (10x10 cm). The juice temperature was monitored using K-type thermocouples fitted to a data logger (Grant squirrel 2040 series, Wiltshire, UK). Blanched samples were cooled immediately using an ice bath and then subjected to US and HIPEF processing. US processing was conducted using a 400 W Treatment was set up at 35 kV/cm for 1500 μs using 4 μs width pulses and a frequency of 100
Hz (Odriozola-Serrano et al., 2009). As a control, heat sealed pouches of the same tomato juice were subjected to thermal processing (95 °C/20 min) using a water bath. The cis and trans lycopene contents, lycopene in vitro bioaccessibility, and colour of the all processed samples were evaluated as per methods described below.
2.4
Physical and chemical analysis of whole tomato and tomato juice
Microstructure
Scanning electron microscopy (SEM) was employed to evaluate the impact of processing on the Before taking the microstructure images, dried tissue samples were fixed on steel supports and coated with gold using an Emitech metaliser (Quorum Technologies, K575 X, Kent, UK) at 8 1100-1200 V, 5 mA for 10 min. Samples were observed using a scanning electron microscope (FEI, Qunta3D FEG, Oregon, USA) at 20 kV.
Determination of lycopene in vitro bioaccessibility
Tomato samples (2.5 g) were subjected to a simulated human gastric and small intestinal digestion based on the method described by Hedren, Mulokozi & Svanberg (2002) The simple static in vitro gastro-intestinal track (GIT) model used in this study cannot simulate the complex conditions that occur within the human gastro-intestinal tract. However, the approach of using digestion models is still useful in terms of rapid evaluation of nutrient bioaccessibility in foods, which subsequently can be investigated in depth using animal or human trials.
Determination of cis-and trans-lycopene isomers using high performance liquid chromatography (HPLC)
Lycopene was extracted from both undigested sample and digesta (content resulting after digestion) of whole tomato and tomato juice according to the method described by Sadler, Davis and tomato juice was carried out using freeze dried samples (0.25 g) and centrifuged digesta ( The lycopene isomer contents of tomato juice were calculated on a fresh weight basis, i.e. µg/g.
Colour measurements
The colour of tomato juice samples was evaluated using a Konica Minolta portable colorimeter (CR-400, Konica Minolta, Japan). The instrument was calibrated using a white standard tile (X= 00.31, Y=93.00, Z=0.3324). The tomato juice samples were placed in a transparent cup and the colorimeter was placed on the juice and L, a, b values were directly taken from the colorimeter. 
Statistical analysis
Significance of the results and statistical differences were analysed using the SPSS (IBM, New York) statistical package. Data were analysed by two-way analysis of variance (ANOVA)
procedure. Duncan multiple range test (DNMRT) was employed to determine the differences among treatment means, with p<0.05 considered statistically significant.
RESULTS AND DISCUSSION
MIPEF as a pre-treatment in whole tomatoes
Effect of MIPEF treatment parameters on lycopene content of whole tomatoes
The contents of total lycopene, all-trans and cis-lycopene isomers of different treatments, before and after digestion (digesta), during a 48 h holding period are shown in Table 1 
Effect of MIPEF treatment parameters on microstructure of whole tomatoes
The results obtained from the quantification of cis-and trans-lycopene contents were supported by the microstructural changes observed in microscopic images taken from the SEM. According to the results obtained from the MIPEF pre-treatment investigation, a treatment duration of 4 µs (one pulse at 0.1 Hz, 1 kv/cm) and a 24 h holding period were the most effective in enhancing total lycopene bioaccessibility among all treatments. This treatment (4 µs) showed 7.8% total lycopene bioaccessibility immediately after the treatment increasing up to 9.6% after 24 h holding period, and decreasing thereafter, reaching 8.1% after 48 h (Table 1) .
Effect of MIPEF treatment parameters on cis-and trans-lycopene bioaccessibility
Investigations of the in vitro
Processing of tomato juice
Effect of thermal and non-thermal processing on lycopene content
The change in lycopene content of undigested samples and digesta during each processing step is shown in Table 2 than 50% of carotenoids found in the human body are in the cis-isomeric form.
Effect of thermal and non-thermal processing on lycopene in vitro bioaccessibility
In addition to the lycopene isomer content, the in vitro bioaccessible lycopene content of the fresh and processed tomato juice was determined. This is reported as the ratio (%) of the lycopene isomer content in digesta to the lycopene isomer content in corresponding undigested treatment (Figure 4) , which represents the percentage of the containing lycopene that is released from the tomato matrix during digestion. In the untreated tomato juice 5.02±0.09 % trans-and 46.95±4.35 % cis-lycopene isomers were bioaccessible, which is in contrast to Colle et al. concluded that high pressure homogenisation or ultrasound treatments probably resulted in the formation of a strong fibre network which hinders the release of lycopene from the tomato matrix in comparison to untreated tomato pulp. Interestingly, in the present study, cis-isomers bioaccessibility of US processed tomato juice was enhanced. This may be attributable to the MIPEF and blanching treatment applied prior to processing. Therefore, there is a strong case that pre-or post-treatment is needed for ultrasound processing in order to release the trapped lycopene during processing.
Effect of thermal and non-thermal processing on colour of tomato juice
Colour in the tomato is due to the presence of carotenoids, mainly lycopene; hence measuring colour is an indirect indicator of lycopene quantity present in a product. The results of this study clearly demonstrate the benefit of MIPEF as a pre-processing treatment to enhance the lycopene bioaccessibility of whole tomato and further enhancement of lycopene bioaccessibility by subsequent processing. Total carotenoid and cis-and trans-lycopene contents could be enhanced by increasing the pre-treatment duration (from 4-320 µs, EFS-1kV/cm) to increase cell permeability. The lowest duration (4 µs) treatment showed the highest total lycopene bioaccessibility (9.6%) after a 24 h holding period. During subsequent tomato juice processing, total lycopene content increased after all treatments with the highest content (96.1%)
shown by MIPEF+B+HIPEF treatment in comparison to fresh tomato juice. Results revealed that cis-lycopene was approximately five times more bioaccessible than trans-lycopene, and the highest cis-(68.67 %) and trans-(8.23 %) lycopene bioaccessibilities were obtained by the MIPEF+B+HIPEF and MIPEF+B+US+HIPEF treatments, respectively. However, the former treatment (MIPEF+B+US+HIPEF) was more effective in terms of total lycopene bioaccessibility (15.6%) in comparison to the thermally treated samples (4.95%). Hence, these findings allow for a better understanding of lycopene bioaccessibility increases in tomato juice using both thermal and non-thermal technologies; an area that has not been explored to date. Furthermore, the study quantified the negative and positive effects of each of the different processing steps on the cisand trans-lycopene contents as well as their in vitro bioaccessibilities. These findings will be of value to the tomato juice processing industry where measures need to be taken in order to enhance the nutritional and functional quality attributes, apart from sensory and safety parameters. Values are means ± standard deviation. Values within the same column followed by the same letter are not significantly different at p<0.05. Values are means ± standard deviation. Values within each column followed by the same letter are not significantly different at p<0.05.
HIGHLIGHTS
• Impact of processing methods on tomato lycopene bioaccessibility studied.
• Pulse electric field treatment enhanced the lycopene bioaccessibility of tomato.
• Blanching & thermal processing reduced lycopene release during digestion.
• Combined thermal & non-thermal treatments enhanced lycopene bioaccessibility.
